Recently, mmWave 5G localization has been shown to be a promising technology to achieve centimeter-level accuracy. This generates more opportunities for location-aware communication applications. One assumption usually made in the investigation of localization methods is that the user equipment (UE) and base station (BS) are synchronized. However, in reality communications systems are not finely synchronized to a level useful for localization. Therefore, in this paper we investigate two-way localization protocols that avoids the prerequisite of tight time synchronization. Namely, we consider a distributed localization protocol (DLP), whereby the BS and UE exchange signals in two rounds of transmission and then localization is achieved using the signal received in the second round.
I. INTRODUCTION
The utilization of location information in cellular networks started with the first generation of mobile communication, where it was mainly used for emergency intervention purposes [1] , [2] . 1 localization for 5G mmWave systems has been studied in several papers in terms of position (PEB) and orientation error bounds (OEB). In [21] , the UE PEB and OEB of 2D localization were investigated using ULAs in 5G mmWave systems. Moreover, [22] and [23] derived, with different approaches, the PEB and OEB for mmWave 3D localization using arrays with arbitrary geometry. The results in [21] - [23] showed a 5G mmWave localization performance with error in the order of centimeters. However, one important, yet usually overlooked, requirement for localization is the synchronization of BS and UE. For example, [21] and [23] assume that the BS and UE are perfectly synchronized, while [22] assumes coarse synchronization, and includes a residual synchronization error in their localization model.
Inspired by two-way ranging methods [24] - [26] , where the time-of-flight is utilized to estimated the range, in this paper, we focus on cooperative two-way localization (TWL). We study the PEB and OEB under line-of-sight (LOS) communication with two TWL protocols that account for timing bias between the clocks of the BS and UE. Higher order artifacts such as clock drift and skew are not addressed herein, but can be estimated using the so-called three-way ranging [24] or multi-way ranging [27] , [28] . Under TWL, a device transmits a known signal to a receiver, which responds by transmitting another known signal. Upon receiving the latter signal, the first device can estimate the range between the two devices with reference to its local clock. Since this clock was originally used to transmit the first signal, it will alleviates the need for fine time synchronization. In the first protocol, referred to as Distributed Localization Protocol (DLP), a device initiates the localization process. Then, a second device estimates the TOA with reference to its local clock and, after a pre-agreed interval, transmits back another signal. Subsequently, localization is carried out using the signal received back at the first device.
On the contrary, in the second protocol, referred to as Centralized Localization Protocol (CLP), the BS and UE are assumed to be coarsely synchronized, so that the two transmission rounds take place in non-overlapping time frames. Under coarse synchronization, the clocks will still have residual bias. Moreover, the pre-agreed waiting interval is taken with reference to the clock of the first device, and localization is achieved using the signals received at both devices. In this context, the signal received at the second device is assumed to be fed-back to the first device via an error-free link. Note that TWL can be either uplink or downlink, depending on the device where localization is executed. Finally, the contributions of this paper are summarized as follows • We investigate the DLP and CLP for LOS 5G mmWave signals, as a means of alleviating the fine synchronization requirement of 5G localization.
• We derive the FIMs of the position and orientation of the two protocols using 5G mmWave signals, with the timing bias between the BS and UE as a nuisance parameter.
• Unlike [21] - [23] , we consider multi-direction receive beamforming, and account for the spatially correlated noise resulting from this beamforming.
• Based on the derived FIMs, we evaluate the PEB and OEB numerically for different protocols, and investigate the impact of the number of antennas at BS and UE, as well as the bandwidth.
The rest of the paper is organized as follows. In Section II, we provide the system model and highlight the underlying assumptions, while in Section III, we present the DLP and CLP in detail. In Section IV, we derive the PEB and OEB for the two protocols, first by calculating the channel parameter FIM, then applying a transformation of variables. In Section V, we provide the numerical results and the discussion, while in Section VI, we draw the conclusions. We consider two-way localization protocols in which either BS or UE initiates the protocol.
For that purpose, we denote the device initiating the protocol by D 1 and the responding device by D 2 .
Notes on notation:
In the following, all parameters related to D 1 are denoted by the subscript "1", while those related to D 2 are denoted by the subscript "2". Moreover, the superscripts "f" and "b" are used to relate the parameters to the forward and backward transmissions, respectively.
Finally, unless otherwise stated, all the provided times are with respect to the clock of D 1 , which is considered a global clock. See Fig. 1 1) Forward Channel: The forward signal, transmitted from D 1 at time t = 0, and received at D 2 at time t = τ f , undergoes a forward channel given by
where δ(t) is the Dirac delta function, and H f s (β, ϑ) is the channel part corresponding the spatial channel parameters, such that
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where
T is the wavenumber vector, λ is the wavelength,
1 is a matrix whose columns contain the 3D Cartesian coordinates of the array elements of D 1 in meters, and ∆ 2 ∈ C 3×N 2 is defined similarly for D 2 . For presentation purposes, we drop the angle parameters from the notation of a 1 and a 2 .
The signal transmitted from D 1 is modeled by
, where E t is the transmitted energy per symbol, and
is a D 1 transmit beamforming matrix, T is written as
where a Similarly, define the receive beamforming matrix at D 2 as
is a D 2 receive beam, and N B 2 is the number of receive beams.
2) Backward Channel: Similarly, the backward channel from D 2 to D 1 is defined as
where Our objective is to derive the performance bounds of estimating p and o, via TOA, DOA, and DOD, in the presence of the unknown nuisance parameters: timing offset between the BS and UE clocks, B, and the unknown path gain, β. This will be done for the DLP and CLP protocols described below.
III. TWO-WAY LOCALIZATION PROTOCOLS
In this section, we define two different two-way localization protocols with the aid of Fig. 2 .
A. General Operation
In our formulation, we assume that D 1 has no timing bias, while D 2 has a clock bias with respect to the clock at D 1 , denoted by B. We also denote the nominal TOA by τ = p /c, where c is the speed of light. 1) Forward Transmission is initiated by D 1 at time t = 0, and received at D 2 at local time
The received signal after beamforming at D 2 is given by
We determine the FIM of ϑ T , β R , β I , τ f T based on y 2 (t), and denote the equivalent FIM
, and received at D 1 at local (which is in the case of D 1 is also global) time
The received signal after beamforming at D 1 is
Based on y 1 (t), we determine the FIM of ϑ
We introduce the following estimation error notation
such that
Note that in (12), n 2 (t) is zero-mean additive spatially-correlated Gaussian noise, since the received signals are observed at the beamformer output. The same statement is true for n 1 (t)
in (14) . Therefore, the corresponding noise auto-covariance matrices are R n2 = N 0 W H 2 W 2 , and
where N 0 is the noise PSD. We assume that N 0 is identical at BS and UE. The main difference between DLP and CLP is how each protocol coordinates the response message from D 2 . In the following, we describe each of these protocols.
B. Distributed Localization Protocol (DLP)
After a pre-agreed delay τ D , measured from the time y 2 (t) is received, D 2 sends back a signal
See Fig. 2 (a). Subsequently, D 1 receives the signal y 1 (t) at
Finally, based on y 1 (t), given in (13) . In parallel to that, D 1 also receives y 2 (t) via an error-free feedback link that can possibly be established using a microwave channel. Finally, based on y 1 (t) and the fed-back y 2 (t), D 1 estimates p, and o.
Under CLP, we determine the FIM of ϑ T , β R , β I , τ, B T based on both y 1 (t) and y 2 (t). Since the transmissions occur over non-overlapping interval, they provide independent information. We use this fact to sum up the FIMs of the forward and backward directions in the following section.
IV. DERIVATION OF TWO-WAY PEB AND OEB
The PEB and OEB can be computed from the EFIM of position and orientation, obtained by the transformation of channel parameters; DOA, DOD, and TOA. Therefore, for both DLP and CLP, we start by computing the FIM of the channel parameters before deriving the corresponding PEB and OEB using a parameter transformation procedure similar to that used in [23] .
A. PEB and OEB for DLP
To compute the PEB and OEB, it is sufficient to obtain the EFIM of position and orientation, and then use the following definition.
Definition 1. Given the equivalent Fisher information matrix of the position and the orientation,
, the OEB and PEB are defined as:
1) FIM of Channel Parameters: In light of (10), (14), and (17), the vector of the unknowns under DLP is defined as
where β R and β I are the real and imaginary parts of β, respectively. Consequently, the FIM of
where,
is the FIM corresponding to the spatial part of J ϕ D , such that
Note that the mutual information between the temporal and spatial parts in (20) is zero based on realistic mmWave assumptions as discussed in [23] . These assumptions are large number of antennas at the transmitter and receiver, large bandwidth and spatially sparse channel. Moreover, note that, in (21), we used the fact that J
To obtain the FIM of ϕ D that includes τ rather than τ b , we apply the fact that the delays are not dependent on any of the other parameters [23] . Towards that, recall thatτ
and define
Consequently, using (16) yields
that is,
The value of J τ τ as well as the entries of (21) are listed in (56) and (57), derived in Appendix A.
2) FIM of Location Parameters: To obtain the FIM of the location parameters (position and orientation), we need the EFIM of ϑ and τ . Since the temporal and spatial parts in (20) are independent, the EFIM of DOD and DOA is obtained from (21) by Schur's complement
Consequently, the EFIM of ϑ and τ is given by 
Applying a parameter transformation to (28), we obtain the EFIM of orientation and position
Note that while 
Subsequently, for DLP, we can isolate the spatial and temporal parts and write,
B. PEB and OEB for CLP 1) FIM of Channel Parameters: Unlike DLP, in CLP we have to retrieve B, as can be inferred from (11) and (13) . Therefore, we define the vector of unknown parameters as
Since D 2 transmission time is independent of the TOA of y 2 (t), and the transmission in the two ways occurs in a non-overlapping time slots, the forward and backward transmissions can be considered independent, and we can write 
Similarly, from (13)
Note that although both J , their sum is full-rank, and is given by
Consequently, the EFIM of τ is obtained from (40) by Schur's complement as
Hence, τ and B cannot be estimated using only one transmission.
which is equivalent to J τ τ of DLP given in (26) .
2) FIM of Location Parameters: Under CLP, we transform the FIM of the channel parameters vector ϕ C into a FIM of the location parameters vector
as follows
where Υ τ is the transformation vector from τ to o and p defined in (31) and Υ b s is the transformation matrix from DOD and DOA to o and p, defined in (32) and (33) for the uplink and downlink. Moreover, from (21) and (36), we write
Note that J Finally, taking the Schur's Complement with respect to J o,p in (46), and using (27) , and (41), it can be shown that the EFIM of the position and orientation is given by (47) at the top of the next page. In the following, we obtain some insights from this equation.
C. Comparison of DLP, CLP and OWL
It can be seen that (47) comprises four terms: two spatial information terms related to both the forward and backward transmissions, one term related to the temporal information, and another term, carrying mutual information relating the path gain with the DOA and DOD. Note that although we assume a single β in both transmissions, it is estimated using two different observations, y 1 (t) and y 2 (t). This provides more spatial information useful in localization, since the path gain, DOA and DOD are not mutually independent (See (21)). Moreover, this mutual information is non-zero due to having different beamformers at both ends, hence
Comparing DLP to CLP, we note that (34) contains only one spatial information term, related to the backward transmission, and another temporal information term. These two terms are equal to their counterparts in (47). Since CLP has two more terms, it provides more information on the position and orientation, and consequently lower PEB and OEB. Thus, CLP will always outperform DLP.
We now compare DLP to the one-way localization (OWL) presented in [23] . Recall that for
o,p has the same expression as (34), but with
Based on that, we provide the following proposition.
Proposition 1. DLP outperforms OWL if,
Proof. Comparing DLP with OWL, it can be seen that they have equal spatial, but different temporal information. Therefore, comparing (26) with (48), for DLP to outperform OWL, we should have
This means that, when the bandwidth is equal in both directions, the forward link should have at least one third the SNR of the backward link for DLP to outperform OWL. From (57), it can be seen that this mainly depends on the beamforming at the transmitter and receiver. However, under the general case of non-identical bandwidth allocation, (57) can be used to determine the values of bandwidth and SNR that satisfy the condition in Proposition 1.
V. SIMULATION RESULTS AND DISCUSSION
A. Simulation Environment 1) System Layout and Channel: In our numerical simulations, we investigate and compare the DLP and CLP. Since both protocols involve forward and backward transmission, we selected equal number of antennas at both the BS and the UE to make the comparison of these protocols fair. Towards that, we consider a BS and a UE both with 12 × 12 uniform rectangular antenna array (URA) communicating via a LOS. Moreover, we assume that the BS array is located in the xz-plane centered about the origin [0, 0, 0] T , thus has orientation angles of [0
On the other hand, the UE moves freely within a diamond-shape 120
• defined by the vertices {(0, 0, −10), (25 √ 3, 25, −10), (0, 50, −10), (−25 √ 3, 25, −10)}. That is, the BS height is 10 meters. We focus on two cases of orientation angles with respect to the z-axis and x-axis:
T as specified in the sequel. Finally, at a distance d 1 , the channel gain is modeled as
2) Transmit-Receive Model: We select the mmWave frequency of f = 38 GHz, and bandwidth W = 125 MHz. We assume an ideal sinc pulse-shaping filter such that W transmitted power E t /T s = 0 dBm, and N 0 = −170 dBm/Hz. Furthermore, we specify the number of pilots to be N s = 64 pilot symbols. This yields a location-dependent SNR of
where i, j ∈ {1, 2}, i = j, specified depending on the communication direction being forward or backward. Similar to [23] , we adopt fixed directional beamforming with
beams at both the UE and BS such that
are D 1 transmit and receive beams pointing towards (θ , respectively. The transmit and receive beamforming at D 2 can be similarly defined with subscript "2". The directions of the beams at the BS are chosen to be equispaced on the sector. On the UE, these directions are reversed to point upwards, and rotated with respect to the UE frame of reference by the same orientation angles specified in the studied experiment. This setting provides 90% of the locations with an SNR of at least 17 dB. reference.
3) Scenarios Studied: We study the PEB and OEB under DLP and CLP and compare these bounds to those obtained for OWL in [23] . Each of these three protocols is studied when localization is performed in the uplink (at BS) and in the downlink (at UE).
B. PEB and OEB with 0
• UE Orientation
The PEB with zero orientation angles is provided in Fig. 4 for all the considered protocols.
First of all, to have a fair comparison, we compare the three solid curves corresponding to uplink localization, and then compare those related to downlink localization (dash-dot lines). It can be seen that DLP provides a negligible improvement over OWL. Despite that, DLP is still a better approach since it alleviates the need of high-accuracy synchronization, with the cost of UE-BS coordination. As discussed in Section IV-C, DLP and OWL have the same spatial component, but DLP has higher temporal information content. However, Fig. 4 shows almost identical results for both protocols, which means that the additional temporal information in DLP is of little importance, and thus the localization performance is limited by the angles estimation rather than the time delay. To understand this phenomenon more, we study the impact of the bandwidth on the performance later in Section V-D. On the other hand, as expected, CLP represents the best approach among the three studied, since it attains more useful information. However, this comes with the cost of a more complex implementation due to the need for a feedback channel.
Although similar statements can be made for downlink localization, we note that an extensive comparison between the uplink and downlink localization is discussed in [23] . It was concluded that, under matched orientation between the BS and UE, the uplink PEB is lower than the downlink PEB. This is because 1) PEB is a function of the CRLB of the BS angles, and 2)
CRLB of DOA is lower than CRLB of DOD. Therefore, when the BS angles are DOAs (uplink), the PEB will be lower.
Considering OEB with zero orientation angles in Fig. 5 , it can be seen that DLP and OWL exhibit identical performance. Note that OEB depends on DOA and DOD, while the enhancement of DLP over OWL is in the temporal domain. Furthermore, in line with the results in [23] with zero orientation angles, the uplink and downlink OEB are the same. Therefore, the four curves of DLP and OWL with uplink and downlink localization coincide. Moreover, in terms of OEB, CLP is also better than DLP and OWL due to the fourth term in (47), which accounts for the coupling between the path gain and the transmission angles, providing more spatial information on the orientation angles.
C. PEB and OEB with 30
The PEB with orientation angles o = [30
T is shown in Fig. 6 , for all the considered protocols. The overall observation from this figure, in comparison with Fig. 4 , is that the performance worsens due to the beams being steered away, when the orientation angles are non-zero. This can result in a loss of beamforming gain that depends non-linearly on the UE location, and orientation angles. However, CLP performance is still superior to DLP and OWL.
In this example, performance loss of 42 cm, 54 cm, and 80 cm were observed at a PEB CDF of 90%, under CLP, uplink DLP, and downlink DLP, respectively. On the other hand, comparing of 6.8
• , 8.8
• , and 11.5
• under CLP, uplink DLP, and downlink DLP, respectively. Considering the PEB and OEB loss, it can be concluded that, among the studied approaches, CLP is the approach that is most robust to UE mis-orientation. Finally, we note that in comparison with the case of matched orientation, under 30
• mis-orientation, the system can still provide sub-meter PEB, while providing significantly higher OEB. This means that orientation estimation is more challenging than position estimation.
D. Impact of the System Bandwidth on PEB
In Section V-C, we concluded that the system is limited by the estimation of the angles rather than the time delay. To investigate that further, we now look closer into the impact of T . Based on these results, we make the following observations: 1) At higher bandwidths that are more relevant in mmWave, the temporal information is very high compared to the spatial information, and the performance becomes fixed with W , i.e., the systems is spatially-limited.
2) under mis-orientation, the accuracy of spatial information degrades, and the system becomes spatially-limited. Hence, the improved temporal information does not provide any benefit to the performance achieved at lower bandwidths.
3) On the contrary, for lower bandwidths, the amount of temporal information decreases and becomes comparable to the spatial information. Therefore, the weight of the temporal information in the forward transmission becomes more significant, and the difference between OWL and DLP becomes more pronounced.
E. Impact of N BS and N UE on PEB
We now study the effect of the number of antennas at BS and UE on the PEB under CLP and DLP. Since this number can be N 1 or N 2 depending on the device role, we use N BS and N UE to unify the notation of the number of antennas at BS and UE, respectively. Fig. 9 illustrates the effect of N UE on PEB with N B = 25 and N BS = 144. It can be seen that a higher N UE generally results in a worse performance. This is because with higher N UE , the UE beams become narrower, which requires more beams to cover the area. Note that with UE mis-orientation, the rate of performance deterioration is higher. It is interesting to see that this rate is almost the same for the three protocols, which means that the performance loss is mainly due to SNR loss.
On the other hand, the impact of N BS is shown in Fig. 10 with N B = 25 and N UE = 144.
It can be seen that a higher N BS will slightly improve the PEB in general. Similar to the case in Fig. 9 , it is understood that the PEB will generally increase when N BS increases, albeit, at N BS values well beyond those displayed in Fig. 10 , and with a lesser magnitude than higher N UE . Therefore, adding more antennas at the BS will not reduce the localization performance, as the UE antennas potentially would, at least within the studied range of array size. Finally, notice that both Figs. 9 and 10 exhibit some non-monotonic trend. This is due to the nature of directional beamforming, whereby the beamforming gain depends on the user location, number of antennas, and beams directions as detailed in [29] .
VI. CONCLUSIONS
Many publications on localization assume that the BS and UE are tightly synchronized. However, usually communication systems are not synchronized to a high-level useful for localization.
Focusing on this issue, in this paper, we considered two protocols of two-way localization referred to Distributed Localization Protocol (DLP) and Centralized Localization Protocol (CLP). We investigated the PEB and OEB under these two protocols, where we showed mathematically that CLP outperforms DLP with a significant margin. However, this comes with the cost of requiring feedback channel, unlike DLP where no synchronization or feedback are required, although it may need dedicated hardware to trigger the response. In our derivations, we considered beamforming at the transmitter and the receiver, and accounted for the spatially-correlated receive noise. Comparing DLP to the traditional one-way localization, the enhancement observed through numerical simulations was limited. That is, the localization was angle-limited rather than delaylimited. Our numerical results also showed that it is more beneficial to have more antennas at the BS than at the UE. Future work based on this paper includes considering adaptive beamforming, whereby the beams directions are modified in the second round of transmission. Moreover, multipath propagation would be a relevant extension, since scatterers may differ in the uplink and downlink, depending on the beam directions. 
